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Abstract: Hydric soils are identified on-site using morphological features called **field indicators'’. It is not
known how long it takes for these indicators to form, nor whether they occur in created wetlands inundated
for approximately 5% of the growing season, which is the minimum duration needed to meet wetland
hydrology requirements. This study evaluated formation of redoximorphic features and hydric soil field
indicators under field conditions following controlled, short-term floods that produced ponding events. A
flood plain was constructed along an artificial stream channel (100-m long) where flooding was controlled
by dams at each end of the channel. Floodwaters inundated soils on the flood plain nine times over a 3-year
period. Ponded water was kept on the soils for periods ranging from 4 to 44 days. During ponding events,
Fe** concentrations were approximately 1 to 4 mg/L, which indicated that the soils were anaerobic and
undergoing Fe reduction. Redox depletions formed in A horizons following a single 7-day ponding event.
Abundance of depletions increased from 2% to an average of 15% after nine ponding events. Most depletions
were approximately 1 cm in diameter and had Munsell hues of 2.5Y and 5Y, values of 4, and chromas of
2 or less. The depletions appeared to form in place by loss of both Fe and C. Hydric soil field indicators
developed in all plots after nine ponding events over a 3-year period and included the depleted matrix, redox
dark surface, and a variant of the depleted dark surface. All indicators formed by a reduction and/or oxidation

of Fe.
Key Words:  hydric soil indicators, oxidation-reduction, redoximorphic features, wetland delineation, wet-
land hydrology

INTRODUCTION

Jurisdictional wetlands are identified in the U.S. on
the basis of three parameters: wetland hydrology, hy-
dric soils, and hydrophytic vegetation (Environmental
Laboratory 1987). Wetland hydrology is met if the soil
is saturated to the surface for periods of at least 5%
of the growing season with a frequency of at least 5
years out of 10. Hydric soils are defined as soils that
formed under conditions of saturation, flooding, or
ponding long enough during the growing season to
develop anaerobic conditions in the upper part (Na-

486

tional Technica Committee for Hydric Soils 1991,
Federal Register 1994). These soils are identified on
the basis of field indicators, which are well-defined
layers of soil that span specific depths and have spe-
cific color patterns (USDA, NRCS 2002). If a soil
meets a field indicator, then it is considered to be a
hydric soil, but it may not be in a jurisdictional wet-
land unless the other two parameters are also met. The
types of field indicators used to identify hydric soils
vary between agricultural and non-agricultural lands,
but the differences are not large (Environmental Lab-
oratory 1987, USDA-NRCS 2002).
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The wetland parameters used to identify jurisdic-
tional wetlands were defined to be used separately, but
clearly, they must be related to one another. Areas that
have wetland hydrology and hydric soils must be sat-
urated long enough to allow the soil chemical reactions
that create anaerobic conditions needed for hydric soils
and the formation of field indicators to occur. While
federal regulations specify that saturation for 5% of
the growing season is sufficient to meet the hydrology
requirements for a jurisdictional wetland, this value
may have little practical usefulness if hydric soils re-
quire periods of saturation lasting 12% or more of the
growing season before the soils become anaerobic.

Relatively little work has been conducted on how
long it takes hydric soil field indicators to form under
field conditions. Field indicators formed by iron re-
duction and oxidation developed within five years after
construction along the edge of a deep marsh in lllinois
(Vepraskas et al. 1999). The most prevalent field in-
dicator was the depleted matrix, which consisted of a
layer of soil with 60% or more of its matrix having a
low (<2) chroma color that was produced by iron re-
duction. Concentrations of Fe?* in solution were be-
tween 1 and 6 mg/L in the zone where the depleted
matrix had formed.

Redoximorphic features require a series of steps in
order to form: (1) Fe or Mn need to be reduced; (2)
these ions need to be solubilized, which usually occurs
because the reduced forms are orders more soluble
than the oxidized forms; (3) moved through the soil in
solution; and (4) oxidized in zones of concentration
(Vepraskas 1992). The removal of Fe and Mn creates
zones within soil horizons that are usually gray in col-
or and are called redox depletions. The concentration
of Fe and Mn creates zones enriched in Fe and Mn
that are usually red or yellow, occasionally black, that
are caled redox concentrations. Meek et al. (1968)
found that Fe could be reduced within 3 d of inun-
dation in plots to which chopped plant material had
been added. Ferrous Fe concentrations in solution
peaked at 5 mg/L when maximum air temperature av-
eraged 26° C, but Fe** levels rose to nearly 30 mg/L
when maximum air temperature was 40° C in similar
soil plots. While Meek et a. (1968) did not examine
the soil for morphological changes, redox depletions
could have formed under the conditions of this exper-
iment if the Fe?+ diffused through the soil matrix. Oth-
er studies have shown that Fe** can be produced in
soils flooded for periods of three weeks or less but the
amount of Fe produced depends on the soil, amount
and oxide form of Fe present, amount of organic mat-
ter, and temperature among other factors (Ponnamper-
uma 1972 Macedo and Bryant 1989).

Individual redox concentrations have developed
quickly in some experiments. Iron oxide coatings on

roots have been created in pot experiments with rice
(Oryza sativa L.) grown for 31 d in solutions having
solution Fe** concentration between 1.3 and 26.8 mg/
L (Bacha and Hosner 1977). Other experiments have
created similar features after 7 d of flooding in the
field, and the features increased in Fe concentration
throughout the growing season (Chen et al. 1980).
Chen et al. (1980) noted that the concentration of Fe
in root coatings was related to the amount of total Fe
in the soil; high clay content apparently acted as a
minor inhibitor of coating formation, and the larger the
amount of O, that a plant variety could translocate to
the roots would increase root coatings.

The objective of this study was to determine if re-
doximorphic features and hydric soil field indicators
can develop under short-term ponding eventsin a cre-
ated riverine wetland. We tested the hypothesis that
hydric soil field indicators could form in soils that
were saturated for periods that were approximately 5%
of the growing season.

MATERIALS AND METHODS

Experiments were conducted at the Des Plaines
Wetlands Demonstration Project in Wadsworth, 1lli-
nois, USA about 56 km north of Chicago. The study
site was located in Section 34, T 46 N, R 11 E; 42°
26" N, 87° 56" W. The soils studied were within a
constructed landscape built to represent an artificia
channel cut into a flood plain. The water table at base
flow was below the depths studied. The flood plain
was constructed in the C horizon of a Pella silt loam
(fine-silty, mixed, superactive, mesic Typic Endoa-
quoll) that had been drained for agriculture. Parent ma-
terials were calcareous alluvium, lacustrine deposits,
and glacial outwash overlain by loess (Kelsey and
Hootman 1985).

The construction began by removing the A horizon
(topsoil 25 to 50 cm thick) and stockpiling it. The
channel and wetland basin (flood plain) were excavat-
ed as shown in Figure 1. The channel was approxi-
mately 100 m long and contained removable dams at
both ends that allowed the experimenters to control the
amount and timing of water entering and leaving the
channel. Once the channel and flood plain had been
graded to the target elevations, A-horizon material was
reapplied in two strips perpendicular to the channel to
a depth ranging between 8 and 40 cm. A-horizon ma-
terial was thickest at the mid-plain position and
thinned toward both the channel and back-plain. The
site was hand-planted to sedges (Carex aquatilis L.)
that were found in sedge meadow pockets that lay
along riverbanks in this region.

Experimental plots were placed in transects located
in the A horizon strips. Plots were labeled as shown
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Figure 1. Cross-section of the flood plain wetland both be-
fore and after construction. The A horizon (topsoil 30 to 50
cm thick) material was removed from the original surface
and stockpiled. The wetland basin was then graded to the
specifications shown.

in Figure 2 to approximate various geomorphic posi-
tions expected from the channel to the upland. In each
plot, piezometers were placed at depths of 30, 60, 100,
and 200 cm, while awell was placed at a depth of 200
cm. Piezometers consisted of PVC pipe (3-cm diam,
schedule 40) cut to lengths that allowed 60 cm of pipe
to extend above ground. For piezometers, 30-mm-di-
ameter holes were drilled in the bottom 8 cm of each
pipe. Wells were constructed like piezometers with the
exception that holes were drilled along the pipe with
the uppermost hole being 15 cm below the soil surface
after the well was installed. Holes in both the wells
and piezometers were covered with a sleeve made of
a porous geotextile that was secured to the tubes with
tape.

Piezometers and wells were installed by augering a
hole 10 cm in diameter to the appropriate depth. The
piezometer was inserted and sand was tamped in and
around the base of the piezometer to cover the holes
and geotextile. The sand was covered by a bentonite
cap that was estimated to be 5 cm thick. Soil was then
used to fill the space around the piezometer between
the surface and the bentonite cap. Water measurements
were made by slipping a steel tape measure into the
piezometer and listening for the sound made by the
end of the tape striking the water surface. Depths to
the water surface were measured relative to the soil
surface.

Passive water samplers were constructed from 175
ml, square, plastic bottles with screw caps. Six 3-mm-
diameter holes were drilled in each of the four sides
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Figure 2. Locations of monitoring plots along transects in
the flood plain wetland studied (not drawn to scale). The A
horizon that was removed prior to construction was spread
along two strips as shown. Each strip contained a replicate
set of plots. Stop-log dams controlled water entry and exit.
These dams were operated by hand by removing logs to
allow water entry and then replacing logs to keep water from
draining out. The source of water was the Des Plaines River,
which flowed near the site. The channel shown was approx-
imately 100 m long.

of a bottle. The holes were covered by wrapping the
bottle with fiberglass cloth (Bond Tite Products, no.
62255, POB 35908, Cleveland, OH 44135). The cloth
was then covered by fiberglass window screen, which
was held in place around the neck of the bottle with a
plastic cable tie. Two straight hose-barb unions (5-mm
1.D.) were installed in each cap and held in place with
epoxy. One union had a piece of tygon tubing attached
to it on the inside of the bottle, which reached to the
bottom of the bottle. Tygon tubing was attached to
each union on the outside of the cap and cut to lengths
sufficient to extend 60 cm above the soil surface when
the bottle was buried. The tygon tubing was held onto
the unions with cable ties. Caps were firmly screwed
onto each bottle before the bottle was brought to the
field.

Water samplers were installed in each plot at depths
of 30 and 60 cm, with one sampler at each depth per
plot. For each sampler, an 8-cm-diameter hole was
bored to the appropriate depth and the sampler insert-
ed. Sand was used to fill any space between the sam-
pler and soil. Soil was then used to backfill the hole,
taking care that the tygon tubes were not constricted.
To hold the tubes above the soil surface, both tubes
from a sampler were inserted through a 5-cm-diameter
PV C pipe that was buried approximately 15 cm in the
soil. Soil temperature was measured with thermocou-
ples at a depth of 60 cm in each plot that were con-
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structed following the method of Culik et al. (1982).
Measurements were made at the end of a ponding
event at the time water samples were collected.

Before any experimental flooding occurred, pits
were dug in each plot to describe the soil profile and
collect soil samples that represented the original soil
conditions. Estimates of percentages of specific redox-
imorphic features were made using reference chartsfor
comparison. Soil samples were collected in 15-cm in-
crements to a depth of approximately 1 m. Before the
pits were filled in, the pit walls were lined with a geo-
textile to mark the wall positions for future reference
(Darmody and Bicki 1989). Pits dug in 1993 and 1994
were placed in the same spot as the ones dug in 1992.

The original experimental plan called for the wet-
land to be flooded twice during the growing season for
three years, with each flood lasting approximately 10
d. The channel in the experimental site had stop-log
dams at each end (Figure 2). To begin a flood, the
dam at the downstream end was closed while the dam
at the upstream end was opened. Water was allowed
to enter the channel and spill onto the flood plain until
all soil plots were inundated with approximately 15 to
20 cm of water. The upstream dam was then closed,
and the water was allowed to sit on the soils for a
period between 7 to 14 d. At the end of the flood, the
dams at the downstream end were opened to allow the
site to drain. Dams at the downstream end were left
open until the next flood was allowed to occur. The
flood water was pumped from the Des Plaines River
through a pipeline that emptied into a series of slow-
flow channels that brought the water to the entrance
of the channel used in the experiment.

Water samples were collected along with measure-
ments of water potential and water-table depth in all
plots in May and August of 1992, 1993, and 1994.
Samples were collected only at the end of an inunda-
tion period. While the surface was covered with water,
soil-water samples were collected in a vacuum cham-
ber constructed from a 1-L graduated cylinder. The
plastic cylinder was cut in half, and a two-hole rubber
stopper placed in the opening. Tubing connectors were
placed in each hole of the stopper, and tygon tubes
were fitted to each. One tygon tube was attached to
the hand-operated vacuum pump (cat. no. 01-071A,
Fisher Scientific Co., Pittsburgh, PA 15219-4785),
while the end of the other tube was fitted with a quick-
disconnect tubing connector that allowed it to be at-
tached to the water sampler tube that led to the bottom
of the buried sampler bottle. To collect a sample, vac-
uum was applied to the chamber until approximately
50 ml of water had accumulated. The vacuum was then
released from the chamber, the stopper removed, and
the sample was poured into a 50-ml plastic bottle that

was quickly capped. Between sample collections, the
vacuum chamber was rinsed with distilled water.

Following the first ponding event in 1992, core sam-
ples were collected in each plot using a 2.5-cm-diam.
hand probe to examine redoximorphic features in de-
tail to a depth of 30 cm. In May of each of the fol-
lowing years, samples were also collected following a
ponding event with a coring device to a depth of 1 m
in 15-cm increments. In August, soil pits were dug
with a small backhoe to describe soil profiles and col-
lects samples at the end of a flood. Profile descriptions
were completed for all cores, and hydric soil field in-
dicators were identified. The profiles were then sepa-
rated into 15-cm depth increments, and bulk soil sam-
ples were collected and bagged.

Soil samples from each plot were oven-dried and
ground to pass a 2-mm-mesh sieve. Tota C was de-
termined by loss on ignition using a high temperature
(1500 °C) induction furnace (Nelson and Sommers
1982). Soil pH was determined electrometrically in a
1:1 soil to water mixture. Available P was determined
as soluble P extracted with a 0.5 M solution of Na-
HCO, (Olsen and Sommers 1982). Exchangeable Ca,
Mg, K, and Na were determined by the ammonium
acetate method of Thomas (1982). Cation exchange
capacity (CEC) was determined by sum of bases, with
exchangeable acidity determined from a measurement
of buffered pH. Organic C was computed as the dif-
ference between total C and inorganic C. Free iron
oxides were determined by the methods of Olson and
Ellis (1982).

Ferrous Fe (Fe2*) and pH for all water samples were
determined within 3 hr of collection at the on-site lab-
oratory to keep the oxidation of Feto negligible levels.
Ferrous iron was determined spectrometrically by tak-
ing a 25-ml subsample from each bottle, adding 1 g
of 1,10 phenanthroline powder to it, and shaking.
Twenty-five ml of the remaining sample were used to
standardize the Hach DR/2000 spectrophotometer
(Hach Co., POB 389, Loveland, CO 80539). The
amount of Fe** was then determined directly by the
spectrophotometer and the sample discarded. The sam-
ple pH was determined electrometrically on the water
sample not containing 1, 10 phenanthroline. Following
the pH measurement, the samples were shipped to
North Carolina State University (NCSU) for determi-
nation of total dissolved organic C by the procedure
of US EPA (1979).

RESULTS AND DISCUSSION

Surface inundation of a site with stagnant water is
termed ponding, while inundation with moving water
is called flooding (Soil Survey Staff 1993). The ex-
periments were designed to produce ponding events
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Table 1. Ponding history for the flood plain wetland. Controlled ponding events were begun and stopped by the authors. Natural events
were beyond experimental control. Water depths for controlled events were 15 to 20 cm, while in natural events water depths may have

exceeded 1 m.
Ponding Ponding Dates Ponding Duration

Event Beginning End Days Type of Event
1 July 27 August 3 7 controlled
2 August 28 September 8 11 controlled
3 March 25 March 29 4 natural
4 April 1 May 13 43 natural beginning
5 controlled end
6 June 19 June 29 10 natural
7 June 30 July 19 19 natural

July 29 August 9 11 controlled

8 May 12 May 26 14 controlled
9 June 25 July 8 13 controlled

lasting up to 14 d. To meet wetland hydrology require-
ments the soils had to be saturated for approximately
10 d, which was 5% of the growing season for this
area. The soils experienced nine separate ponding
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Figure 3. Changes in concentration of dissolved organic C
(DOC) and ferrous Fe (Fe**) measured at the end of each
ponding event. The organic C data suggest that adequate
organic material was present to support development of an-
aerobic conditions. The Fe data indicate that Fe reduction
was occurring to a depth of 60 cm. Data are means of sam-
ples collected from all plots. No samples were collected dur-
ing natural floods, and only dissolved Fe was measured in
samples for the ninth ponding event.

events during the 3-yr study period (Table 1). Dura-
tions of inundation ranged from 4 to 43 d. Duration
of the controlled ponding events ranged from 7 to 14
d. The target duration was not met in all cases because
occasional procedural problems developed with the
dams that produced a range of ponding durations. In
addition, natural floods also inundated the site during
1993 with durations that ranged from 4 to 43 d. These
floods coincided with extensive regional flooding that
occurred throughout the midwestern United States that
year. Depths of water over the experimental plots dur-
ing natural floods were not measured, but eyewitness
accounts led us to believe that water depths could have
been 1 m or more.

The water dynamics in this experiment differed
from those of our earlier study (Vepraskas et a. 1999),
which was conducted on the edge of an upland. The
soils on flood plains like this one receive oxygenated
water from the stream, and the water inundates the
previously unsaturated soils. Water quickly recharges
the soil by saturated and unsaturated flow. Piezometer
data (not shown) indicated that, during a ponding
event, the soils were saturated to a depth of 100 cm.
At the cessation of a ponding event, the positions that
remained inundated the longest were at the mid-plain
and at the flood plain’s edge.

Soil temperatures ranged from 13 to 18 °C during
the time the soils were under a controlled ponding
event over the 3-yr study period. Anaerobic conditions
developed during al experimental ponding events and
were confirmed by measurements of dissolved Fe** in
the ground water (Figure 3). Mean values for Fe**
were consistently <4 mg/L. While low, these values
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Table 2. Soil chemical data for two horizons of a representative
soil of the flood plain wetland. Data are means obtained for the
two plots in the mid-plain position, in June 1992 and August
1993.

Chemical Property A horizon C horizon
Depth (cm) 0to 15 45 to 65
pH 7.8 8.1
Organic Matter (%) 4.2 11
Available P (kg/ha) 20 5
Exchangeable K (kg/ha) 123 101
Exchangeable Mg (kg/ha) 1859 1612
Exchangeable Ca (kg/ha) 7704 5881
Exchangeable Na (kg/ha) 93 78
Cation exchange capacity

(cmol/kg) 25 19

are sufficient to form Fe deposits around roots (Men-
delssohn et al. 1995) and were similar to values found
in the created deep marsh that was studied by Vepras-
kas et al. (1999). Soil water pH ranged between 6.78
and 7.31 over the 3-yr period at depths of 30 and 60
cm. Soil pH was higher than this (Table 2), but a re-
duction of the soil water pH as recorded here is typi-
caly found in submerged alkaline soils due to an in-
crease of CO, in the solution (Ponnamperuma 1972).

Dissolved organic C concentrations (DOC) also in-
creased during ponding (Figure 3). The DOC values
were consistently >10 mg/L, which is the minimum
value estimated by Daniels and Buol (1992) that is
necessary to support Fe reduction in soils. This indi-
cated that the amount of Fe?* in solution was not lim-
ited by the availability of an oxidizable C supply but
may have been constrained by low amounts of reduc-
ible Fe** in the soils. These data indicate that durations
of inundation lasting 7 to 11 d were sufficient to re-
duce and solubilize Fe oxides, which is the first step
toward forming redoximorphic features and some hy-
dric soil field indicators.

Changes over time in the distribution of oxalate ex-
tractable Fe in the soils are shown in Figure 4. Oxalate
extractable Fe is poorly crystalline and the first form
of Fe oxide to be reduced following the onset of an-
aerobic conditions (Schwertmann and Taylor 1989).
Prior to any ponding, oxalate Fe contents were greatest
near the surface. After nine ponding events, the mean
oxalate Fe contents in the upper 45 cm of the soils
were about one-half of the values prior to ponding.
The Fe reduction was removing Fe from this zone.
Some of the reduced Fe may have been accumulating
deeper in the profile, but our sampling methods were
not sufficient to prove this.

During the study, progressive changes were noted
in the colors of the A horizons, which showed that the
Fe was being reduced in microsites. The constructed
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Figure 4. Mean values for oxalate-extractable Fe oxide dis-
tribution with depth and over time for al plots. Prior to
ponding the Fe concentrations were high in the A horizon
(8 to 41 cm thick). The reduction and removal of Fe that
occurred during ponding events lowered the Fe levels to
about half of what they were originally in the A horizon.
Standard deviations were approximately +0.06 cmol/kg for
al depths and ponding events.

soils on the flood plain consisted of A horizons over-
lying C horizons and the soil chemical properties of
both are summarized in Table 2. Profile descriptions
for the plots to which topsoil had been applied are
given in Table 3 for two time periods: before any
floods had commenced and after nine events. Prior to
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Table 3. Soil morphology of plots in one replicate plot at the mid-plain position on two dates: before any inundation and after nine
ponding events. Results are representative of what was observed in the other plots. Observations made prior to ponding were completed

within two months following flood plain construction.

Depth Matrix Redox Redox
Horizon cm Color Concentrations Depletions Textura Class Comments
Prior to Ponding

A 0to 43 2.5Y 251 None None Silty clay loam  Formed by replacing topsoil

over C horizon material

AC 43 to 53 10YR 6/4  7.5YR 5/8 (15%) None Silty clay loam

(85%)
2C 53 to 75YR 6/2 7.5YR 5/8 (20%) 7.5YR 6/2 (35%), Silt loam
102+ (35%) 5GY 7/1 (10%)
After Nine Ponding Events

Al 0to 18 2.5Y 2.5/1 10YR 6/4 (10%), 2.5Y 4/3 (10%) Silty clay loam
7.5YR 5/6 (7%)

A2 18 to 36 2.5Y 25/1 10YR 6/4 (10%) masses,  5Y 4/2 (5%) Silty clay loam  Redox concentrations are Fe
10YR 5/8 (1%) pore pore linings assoc. with
linings the depletions

2Cql 36 to 56 2.5Y 6/2 10YR 5/6 (15%), 5BG 6/1 (5%) Silt loam
7.5YR 5/8 (10%)

2Cg2 56to 79+ 25Y 6/2 10YR 5/6 (15%), 5BG 6/1 (30%) Silt loam

7.5YR 5/8 (10%)

inundation, the A horizon was uniform in color and
contained no apparent redoximorphic features. After
nine ponding events, two A horizons had developed
that differed in the percentage of redox depletions and
redox concentrations observed. The C horizons con-
tained redoximorphic features both before and after the
nine flood events. Small changes were noted in C ho-
rizon matrix hue and in the hues of redox depletions
and concentrations (Table 3).

The characteristics of the redox depletions observed
are shown in Table 4 for two plots. Depletions were
spherical bodies that were generally 10 to 20 mm in
diameter. Hues were 2.5Y or 5Y with some gleyed
hues found occasionally; values were 4 or 5 and chro-

mas were 3 or less. In most cases, the depletions con-
tained small (<1 mm diam.) redox concentrations (Fe
masses or pore linings) within the depletion or around
its perimeter. Changes in depletion abundance with
ponding events are shown in Figure 5. Mean values
for depletion abundance, as well as the range in abun-
dance, tended to increase up to the ninth ponding
event. However, the largest change occurred between
the first and fourth ponding event that included the
natural flood that lasted 43 d. The individua effect of
this large flood on depletion abundance is not known.

The boundary between the depletions and topsoil
matrix was sharp rather than diffuse. Depletions gen-
erally occurred in the bottom half of the topsoil cover

Table 4. Properties of the redox depletions (iron depletions) formed in the A horizons at two positions in the flood plain wetland in
plots that had topsoil placed on the surface. Original matrix color was black (5Y 2.5/1 moist). No depletions were observed in the A

horizons prior to inundation.

Number of Ponding Events (Year)

Floodplain Feature
Position Characteristics 1 (1992) 6 (1993) 9 (1994)
Edge Abundance (%) 2 5 25
Colort 2.5Y 4/1, 5/2 5Y 4/1, 4/2 2.5Y 4/2
5GY 4/1, 5/1
Size (cm) 02tol 0.1to4cm 01lto2
Mid-Plain Abundance (%) 3 10 15
Color 2.5Y 4/2, 5/2 5Y 4/1, 4/2 2.5Y 4/1, 4/2
5GY 4/1
Size (cm) 01to2 01to2 0l1lto4

T Colors are moist colors for the depletions only. Most depletions contained Fe pore linings and masses that were <1 mm in size and had a color of

7.5YR 5/8 or 2.5Y 5/4 (moist).
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Figure 5. Changes in the percentages of redox depletions
in the A horizons of al plots with ponding events. Data are
means and standard deviations. The first ponding event pro-
duced approximately 2% depletions, which are too few to
form a hydric soil field indicator. Although the variability
was high, the percentages of Fe depletion remained relative-
ly constant after the fourth ponding event.

in a random distribution. Most depletions had a zone
of Fe concentration either within the depletion or along
its perimeter. The iron concentration was frequently an
iron pore lining that formed along a crack or root chan-
nel in the center of the depletion. Thus, formation of
the Fe pore linings appeared to be related to the for-
mation of the depletions.

The depletions contained redox concentrations at
their center, which were usually Fe pore linings but
occasionally were also Fe masses. Colors of these re-
dox concentrations were generally 7.5YR 5/8 or 10YR
5/8. The Fe pore linings were accumulations of Fe that
formed around small root channels (1 mm diam.) or
small cracks. These are similar to the oxidized root
channels reviewed by Mendelssohn et al. (1995) but
differ in that the O, enters the soil following drainage
rather than being exuded by roots. Features described
as Fe masses were similar to the pore linings except
that no channel or crack was visible within them.
These redox concentrations occupied <2% of the ho-
rizons. The occurrence of Fe pore linings within the
depletion suggested that both features formed at the
same time by oxidation-reduction processes.

Analysis of selected depletions collected after nine
ponding events showed that they contained 2.6 g/kg
of oxalate extractable Fe compared with 3.2 g/kg in
the matrix. These are the mean values for two samples
composited from the individual depletions that were
analyzed. These differences are small, considering the
relatively large difference in color, but this is partly a
result of our inability to separate the grayish depletion
from small concentrations of Fe that were sometimes
contained within the depletions. Organic C levelswere
also dlightly lower in the depletions (0.2 g C/kg) than
in the matrix (0.4 g C/kg), and this difference also

contributed to the color difference between depletions
and matrix. These chemica changes clearly affected
the appearance of the depletions. Their grayish base
color was revealed through loss of C, which removed
the dark color of the matrix, while the gray color itself
was produced when Fe oxides were reduced and re-
moved from the surfaces of mineral particles.

The grayish colored depletions are probably formed
by intense microbial activity occurring in a microsite
(0.1 to 4 cm diam.) that will eventually become an
iron depletion (Figure 6). Such microbially-active mi-
crosites have been described previously in research on
denitrification (Parkin 1987) and methane production
(Crozier et al. 1995). Parkin (1987) described how, in
his experiments, denitrification ‘*hot-spots'’ occurred
around particulate organic material such as a decaying
leaf. In the microsites observed here, we did not iden-
tify the organic components responsible for the mi-
crosite formation. To form a depletion, we hypothesize
that the organic matter is oxidized and Fe** oxides are
reduced to Fe?** ions. The soluble Fe** ions diffuse
through the zone of reduction and precipitate (follow-
ing oxidation) along root channels or cracks that con-
tain oxygen. The oxygen may diffuse into the soil fol-
lowing cessation of the flood and drainage of the soil.
Formation of Fe depletions should continue as long as
both Fe oxides and organic matter occur in the topsoil
cover.

The loss of C from the depletions apparently is re-
lated to the microbialy induced Fe reduction. It has
been shown that Fe oxides of various types bind sol-
uble organic materials to their surfaces (Jardine et al.
1989, Kretschmar et al. 1993, Kaiser and Zech 1998).
It is possible that organic C was released from soil
particles when the Fe oxides were reduced and dis-
solved. This would also increase DOC, as we detected.
Some of the organic C lost from the depletion may
also have been oxidized by the microbes.

The Fe depletions and Fe pore linings found in the
topsoil cover of the flood plain wetland have been ob-
served in the degp marsh at the Des Plaines site and
in some natural marsh soils and sedge meadows near
the site. We believe that our experiments effectively
simulated processes that occur in natural wetland sys-
tems. Formation of these redoximorphic features in
this short-term study supports their use as indicators
of wetland processes and their use as tools for delin-
eating wetland boundaries, even in wetlands inundated
for periods as short as seven days. However, as shown
in Table 4, the abundance of redoximorphic features
increases with the number of ponding events. In ad-
dition, long duration ponding events would be expect-
ed to produce more depletions than events of short
duration, at least up to a point. Soils that have expe-
rienced few or short-duration ponding events will have
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When ponded, microbial activity creates
anaerobic conditions that reduce Fe
and oxidize or disperse C in a zone
around the organic material.

Black A horizon
Dead root -
Pond water
On surface

Depletion formed
that is lower in Fe and C
than the matrix

Fe may oxidize and form
Fe mass, or move to lower
Horizons.

Soil drains
and becomes
aerobic

Reduced Fe and dissolved
C move into matrix, depletion
has formed

Figure 6. Proposed mode of formation of redox depletions. The process begins (1) when dead root tissue fosters growth of
bacteria around it as the tissue is decomposed. When ponded (2), anaerobic conditions develop around the tissue as the bacteria
deplete the soil water of oxygen. Iron is reduced in this zone as the growing bacterial colony uses Fe as an electron acceptor.
The reduced Fe is in solution and diffuses from an area around the root tissue (3). Organic C is either oxidized or dispersed
and also moves out of the reduced zone. At this point, the depletion has formed. When the soil drains and becomes aerobic
(4), the reduced Fe may reoxidize and form and Fe mass if it has not moved to lower horizons.

few depletions present, and the quantities may be too
small to be seen except by very close observation. The
7-d ponding event only resulted in depletions occu-
pying 2% of the horizon, which is not enough to form
a hydric soil field indicator. While the 43-d ponding
event contributed to the large increase in depletion
abundance between the first and fourth ponding events
(Figure 5), the full impact of this event on soil mor-
phology is not known. This natural flood occurred in
the Spring when temperatures were cool, and the
amount of Fe** in solution was dlightly less than that
found for the second ponding event (Figure 3).

The hydric soil field indicators listed in Table 5
were observed at this site over the time period of the
study. When and where they appeared in the flood
plain are shown in Table 6. Prior to any ponding, most

plots met indicator F3 (depleted matrix) because the C
horizon, from which the wetland was constructed, met
the requirements for the indicator. This indicator did
not form during the course of our experiments. Plots
in the mid-plain position did not meet the F3 indicator
because their A horizons were thick (>25 cm), and
this placed the C horizon out of the depth range re-
quired for the indicator. Plots in the back-plain posi-
tion failed to meet indicator F3 after the ninth ponding
event because approximately 15 to 20 cm of sediments
was deposited on top of the mineral surface. The in-
dicators shown for this position after the ninth ponding
event occurred both within the new sediment as well
as below it. The sediment was eroded onto the back-
plain position from an upslope location.

By the ninth ponding event in the third year of the
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Table 5. Definitions of the hydric soil field indicators found at the site (USDA-NRCS 2002). In this study, a variant of field indicator
F7 was identified because the depletions formed had a Munsell value of 4 rather than 5.

Symbol Name

Definition

F3 Depleted Matrix

F6 Redox Dark Surface

F7 Depleted Dark Surface

A layer with a depleted matrix that has 60 percent or more chroma 2 or
less [and value of 4 or more] that has a minimum thickness of 15 cm
and starts within 25 cm of the surface. The minimum thickness is 5 cm
if the depleted matrix is within 15 cm of the soil surface. Redox concen-
trations are required for certain matrix colors.

A layer at least 10 cm thick entirely within the upper 30 cm of the mineral
soil that has: a matrix value 3 or less and chroma 1 or less and 2 percent
or more distinct or prominent redox concentrations as soft masses or ore
linings, or b) matrix value 3 or less and chroma 2 or less and 5 percent
or more distinct or prominent redox concentrations as soft masses or
pore linings.

Redox depletions, with value 5 or more and chroma 2 or less, in a layer at
least 10 cm thick entirely within the upper 30 cm of the mineral soil that
has: @) matrix value 3 or less and chroma 1 or less and 10 percent or
more redox depletions, or b) matrix value 3 or less and chroma 2 or less
and 20 percent or more redox depletions.

study, all plots had developed at least one field indi-
cator (Table 6). The two most common field indicators
formed were F6 and a variant of F7. In this study, the
redox depletions found in indicator F7 had Munsell
values of 4 and chromas of 2 or less. Indicator F7
requires values to be 5 or more (Table 5). As a result
of the low value, we describe the indicator observed
in this study as a variant of indicator F7. Indicator
variant F7 developed from the redox depletions that
may have formed as shown in Figure 6 through Fe
reduction and C movement. Indicator F6 formed by
the oxidation of reduced Fe around root channels. For-
mation of the F6 indicator may have accounted for the
increase in oxalate Fe shown at the 0—15 cm depth in
Figure 4.

These results show that the field indicators are dy-
namic and can form in relatively short periods of 3 yrs
or less when the hydrologic regime promotes Fe re-
duction. Redoximorphic features such as redox deple-
tions can form after a single ponding event but are not

in sufficient quantity to meet a hydric soil field indi-
cator. Our experiments were conducted under con-
trolled conditions where ponding events were made to
occur a minimum of twice per year. Natural flood
plains where inundation is less frequent, or where or-
ganic matter levels are low (i.e., 1%), may require lon-
ger periodsto form field indicators than the 3-yr period
found here.
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four positions across the flood plain for both transects 1 and 2.

No. of Channel Edge Mid-Plain Back Plain
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T The F7 indicator was not met exactly because the depletions observed had Munsell values of 4 whereas values of 5 are required. It is considered a

variant of the USDA Field Indicator F7.
NIM = no indicator met.
ND = no data recorded.



496

WETLANDS, Volume 26, No. 2, 2006

the site for this research. The assistance of all these
individuals and organizations is greatly appreciated.

LITERATURE CITED

Bacha, R. E. and L. R. Hosner. 1977. Characteristics of coatings
formed on rice roots as affected by iron and manganese additions.
Soil Science Society of America Journal 41:931-935.

Chen, C. C,, J. B. Dixon, and F. T. Turner. 1980. Iron coatings on
rice roots: mineralogy and quantity influencing factors. Soil Sci-
ence Society of America Journa 44:635-639.

Crozier, C. R., |. Devai, and R. D. DelLaune. 1995. Methane and
reduced sulfur gas production by fresh and dried wetland soils.
Soil Science Society of America Journa 59:277—284.

Culik, M. N., J. W. Doran, and K. A. Richards. 1982. Construction
of soil thermocouples for the novice. Soil Science Society of
America Journal 46:882—-884.

Daniels, R. B. and S. W. Buol. 1992. Water table dynamics and
significance to soil genesis. p. 66-74. In J. M. Kimble (ed.) Pro-
ceedings of the VIIIth Inter. Correlation Meeting on Wetland
Soils. U.S. Department of Agriculture, Soil Conservation Service,
National Soil Survey Center, Lincoln, NE, USA.

Darmody, R. G. and T. J. Bicki. 1989. Use of civil engineering
fabrics in pedological field research. Soil Science Society of
America Journal 53:1912.

Environmental Laboratory. 1987. Corps of Engineers Wetlands De-
lineation Manual, U.S. Army, Corps of Engineers, Washington,
DC, USA. Technical Report Y-87-1.

Federal Register. 1994. Changes in hydric soils of the United States.
Washington, DC, USA, July 13.

Fisher, H. M., and E. L. Stone. 1991. Iron oxidation at the surfaces
of slash pine roots from saturated soils. Soil Science Society of
America Journal 55:1123-1129.

Jardine, P. M., N. L. Weber, and J. F. McCarthy. 1989. Mechanisms
of dissolved organic carbon adsorption on soil. Soil Science So-
ciety of America Journal 53:1378-1385.

Kaiser, K. and W. Zech. 1998. Sail dissolved organic matter sorption
as influenced by organic and sesquioxide coatings and sorbed sul-
fate. Soil Science Society of America Journal 62:129-136.

Kelsey, P. and R. Hootman. 1985. Soils, Chpt. 6. In D. L. Hey and
N. S. Philippi (eds.) The Des Plaines River Wetlands Demonstra-
tion Project, Vol. Il. Baseline Survey. Wetlands Research, Inc.,
Chicago, IL, USA.

Kretshmar, R., W. P. Robarge, and S. B. Weed. 1993. Flocculation
of kaolinitic clays: effects of humic substances and iron oxides.
Soil Science Society of America Journal 57:1277-1283.

Macedo, J. and R. B. Bryant. 1989. Preferential microbial reduction
of hematite over goethite in a Brazilian Oxisol. Soil Science So-
ciety of America 53:1114-1118.

Meek, B. D., A. J. McKenzie, and L. B. Gross. 1968. Effects of
organic matter, flooding time, and temperature on the dissolution

of iron and manganese from soil in situ. Soil Science Society of
America Proceedings 32:634—638.

Mendelssohn, 1. A., B. A. Kleiss, and J. S. Wakeley. 1995. Factors
controlling the formation of oxidized root channels: a review.
Wetlands 15:37-46.

National Technical Committee for Hydric Soils. 1991. Hydric Soils
of the United States. U.S. Department of Agriculture, Soil Con-
servation Service, U.S. Government Printing Office, Washington,
DC, USA. Miscellaneous Publication No. 1491.

Olson, R. V., and R. Ellis, Jr. 1982. Iron. p. 301-312. In A. L. Page,
R. H. Miller, and D. R. Keeney (eds.) Methods of Soil Analysis.
Part 2. Agronomy Monograph Number 9. American Society of
Agronomy, Madison, WI, USA.

Olsen, S. R. and L. E. Sommers. 1982. Phosphorus. p. 403-430. In
A. L. Page, R. H. Miller, and D. R. Keeney (eds.) Methods of
Soil Analysis. Part 2. Agronomy Monograph Number 9. American
Society of Agronomy, Madison, WI, USA.

Parkin, T. B. 1987. Soil microsites as a source of denitrification
variability. Soil Science Society of America Journal 51:1194—
1199.

Ponnamperuma, F. N. 1972. The chemistry of submerged soils. Ad-
vances in Agronomy 24:29-96.

Schwertmann, U. and R. G. Taylor. 1989. Iron oxides. p. 379-438.
In J. B. Dixon and S. B. Weed (eds.) Minerals in Soil Environ-
ments. Second ed. Soil Science Society of America, Madison, WI,
USA.

Soil Survey Staff. 1993. Soil Survey Manual. U.S. Department of
Agriculture, Soil Conservation Service, U.S. Government Printing
Office, Washington, DC, USA. Agricultural Handbook Number
18.

Thomas, G. W. 1982. Exchangeable cations. p. 159-165. In A. L.
Page, R. H. Miller, and D. R. Keeney (eds.) Methods of Sail
Analysis. Part 2. Agronomy Monograph Number 9. American So-
ciety of Agronomy, Madison, WI, USA.

U.S. Department of Agriculture, Natural Resources Conservation
Service. 2002. Field Indicators of Hydric Soils in the United
States. Version 5.0. G. W. Hurt, P. M. Whited, and R. F. Pringle
(eds.) U.S. Department of Agriculture, Natural Resources Con-
servation Service in cooperation with the National Technical
Committee for Hydric Soils, Fort Worth, TX, USA.

U.S. Environmental Protection Agency. 1979. Methods for Chemical
Analyses of Water and Wastes. Environmental Monitoring and
Support Laboratory. U.S. Environmental Protection Agency, Cin-
cinnati, OH. USA. USEPA Rep. 600-4-79-020.

Vepraskas, M. J. 1992. Redoximorphic Features for ldentifying
Aquic Conditions, North Carolina Agricultural Research Service,
Raleigh, NC, USA. Technical Bulletin 301.

Vepraskas, M. J,, J. L. Richardson, J. P. Tandarich, and S. J. Tests.
1999. Dynamics of hydric soil formation across the edge of a
created deep marsh. Wetlands 19:78-89.

Manuscript received 11 August 2003; revisions received 13 May
2004 and 25 April 2005; accepted 6 February 2006.



